Abstract To assess the consequences of inactivation of heat shock factor 1 (HSF1) during aging, we analyzed the effect of HSF1 K80Q, a mutant unable to bind DNA, and of dnHSF1, a mutant lacking the activation domain, on the transcriptome of cells 6 and 24 h after heat shock. The primary response to heat shock (6 h recovery), of which 30 % was HSF1-dependent, had decayed 24 h after heat shock in control cells but was extended in HSF1 K80Q and dnHSF1 cells. Comparison with literature data showed that even the HSF1 dependent primary stress response is largely cell specific. HSF1 K80Q, but not HSF1 siRNA-treated, cells showed a delayed stress response: an increase in transcript levels of HSF1 target genes 24 h after heat stress. Knockdown of NRF2, but not of ATF4, c-Fos or FosB, inhibited this delayed stress response. EEF1D_L siRNA inhibited both the delayed and the extended primary stress responses, but had off target effects. In control cells an antioxidant response (ARE binding, HMOX1 mRNA levels) was detected 6 h after heat shock; in HSF1 K80Q cells this response was delayed to 24 h and the ARE complex had a different mobility. Inactivation of HSF1 thus affects the timing and nature of the antioxidant response and NRF2 can activate at least some HSF1 target genes in the absence of HSF1 activity.
Introduction
Cells respond to cytoplasmic proteotoxic stress by producing additional chaperones, the heat shock proteins (HSP). This heat shock response plays an important role in maintaining proteostasis (reviewed by Fujimoto and Nakai 2010; Hartl et al. 2011; Morimoto 2008) . The heat shock response is mainly regulated at the level of transcription by heat shock factor 1 (HSF1). Under normal circumstances HSF1 is monomeric and complexed with chaperones. Upon stress, when unfolded proteins accumulate and chaperones become scarce, HSF1 trimerizes, binds to the heat shock element (HSE) and activates transcription (reviewed in Fujimoto and Nakai 2010; Anckar and Sistonen 2011) . HSF1 is required for longevity (Hsu et al. 2003; Steinkraus et al. 2008 ) and its inactivation, for example, during the DNA damage response (Kim et al. 2012) or the amino acid starvation response (Hensen et al. 2012) , is linked to senescence. During aging, the activity of HSF1 declines (Jurivich et al. 2005; Ambra et al. 2004; Lee et al. 2009 ), although the protein is still present. This aging-related failure of HSF1 interferes with an organism's ability to combat proteotoxic stress, which results in increased susceptibility to protein folding diseases (Balch et al. 2008; Broadley and Hartl 2009; Satyal et al. 2000; Bailey et al. 2002; Fujimoto et al. 2005; Calderwood et al. 2009 ). Furthermore, accumulating evidence indicates that HSF1 also regulates gene expression under non-stress conditions. For example, the circadian clock gene Per2 is an HSF1 target (Kornmann et al. 2007; Tamaru et al. 2011 ). In addition, HSF1 regulates a transcriptional circuit distinct from the proteotoxic stress induced pathway, which has been recruited by malignant cells (Mendillo et al. 2012 ). Thus, a decline in HSF1 activity may cause phenotypic defects in the absence of exogenous stress (Slavotinek and Biesecker 2003) . Previously we found that the expression of an HSF1 mutant retaining the DNA binding domain but lacking the activation domain (dnHSF1) reduced the expression level of ten genes in non-stressed HEK293 cells, amongst which the genes for the chaperones Hsp90, HSPA6, DNAJB1 (Hsp40) and HSPB1; expression of dnHSF1 did not result in increased transcript levels (Heldens et al. 2010) . HeLa cells treated with siRNA directed against HSF1 showed changed expression levels of 378 genes in the absence of stress (Page et al. 2006) , where 80 % of the affected genes showed increased transcript levels. A comparison of the transcriptome of HSF1−/− mouse embryonic fibroblasts (MEFs) with that of wild type MEF cells resulted in 49 genes (19 related to immune response) that were expressed at reduced levels in MEF HSF1−/− cells (Inouye et al. 2004 ). The aging cell differs from the HSF1−/− cells in that the cell still contains HSF1, although not active, and differs from the dnHSF1 cells in that HSF1 is no longer bound to its target promoters. In this study, we have investigated the effect of heat stress on the transcriptome changes in two stable cell lines, one with a tet-inducible dnHSF1 mutant and one with tet-inducible expression of an HSF1 mutant in which lysine 80 in the DNA binding region is replaced by glutamine (HSF1 K80Q), thus impairing DNA binding (Westerheide et al. 2009 ). Unexpectedly, we detected a delayed stress response, i.e., an increase in transcript levels of HSF1 dependent genes in HSF1 K80Q cells 24 h after heat stress, suggesting that there are alternative routes to activation of transcription of these genes when the HSF1-directed transcription fails. We noted that the antioxidant response is delayed in heat-stressed HSF1 K80Q cells and found NRF2, a transcription factor directing the antioxidant response, to be responsible for the increase in HSPA1A and HSPA6 mRNA levels in HSF1 K80Q cells 24 h after heat stress.
Materials and methods

Cell culture
Flp-In T-REx-293 cells (Invitrogen) were manipulated according to the manufacturer's instructions using the T-REx system (Invitrogen) to generate the stable cell lines HEK-dnHSF1, HEK-HSF1K80Q, HEK-wtHSF1 and HEK-pcDNA5 that carry a single copy of the tetracycline-inducible plasmids pcDNA5-dnHSF1, pcDNA5-HSF1K80Q, pcDNA5-wtHSF1 and pcDNA5-FRT/TO, respectively. The cells were cultured at 37°C/5 % CO 2 in high glucose DMEM medium supplemented with 10 % fetal calf serum,100 U/ml penicillin and 100 μg/ml streptomycin. Blasticidin (1.65 μg/ml; Invitrogen) and 100 μg/ml hygromycin were also added to the culture medium during maintenance of the cell lines, but were omitted during experiments.
Plasmid construction, transfections and reporter gene assays
The expression vectors pcDNA5-dnHSF1, pcDNA5-wtHSF1 and pcDNA5-HSF1 K80Q have been described earlier (Heldens et al. 2010; Hensen et al. 2012) . Transient transfections were performed using FuGENE-6 (Roche) according to the manufacturer's instructions. Cells were seeded on 24-well plates and on the next day transfected with 0.2 μg SV40-luc per well and treated with doxycycline to express HSF1 K80Q. 24 h after transfection cells were pre-heat shocked for 30 min at 45°C. 14 h later, cells were harvested or heat shocked again for 30 min at 45°C in the presence of 20 μg/ml CHX to inhibit translation and harvested immediately or after 1 h of recovery. Cells were lysed in 200 μl reporter lysis mix (25 mM Bicine, 0.05 % Tween 20, 0.05 % Tween 80) for 10 min. For the luciferase assay, 20 μl cell lysate was mixed with 50 μl luciferin solution (Promega) and luminescence was measured with the Lumat LB 9507 tube luminometer (Berthold). All reporter gene assays were performed in triplicate.
Electrophoretic mobility shift assay HEK-HSF1K80Q or HEK-wtHSF1 cells were cultured for 48 h in the presence or absence of doxycycline and subsequently heat shocked for 30 min at 45°C. Cells were harvested at the indicated times after heat shock and nuclear extracts were prepared using NE-per nuclear and cytoplasmic reagents (Pierce). Extracts were aliquoted and stored at −80°C. Oligonucleotide probes were end-labeled with 32 P. The sequences of the oligonucleotides used in EMSA are listed in Table S1 . The EMSA protocol was adapted from (Klok et al. 1998; Thiaville et al. 2008) . A mixture containing 5 μg nuclear extract and 3 μg poly dIdC in binding buffer (20 mM HEPES pH7.9, 100 mM KCl, 1 mM EDTA, 1 mM DTT, 4 % (v/v) Ficoll, 1× PhosSTOP; Roche) was incubated for 20 min on ice. Then, 0.01 pmol radiolabeled oligonucleotide was added, and the samples were incubated for 20 min at room temperature. DNAprotein complexes were separated on a pre-run 4 % polyacrylamide gel in 0.25× TBE with recirculation of the buffer. The gel was dried and signals were visualized using a PhosphorImager.
Chromatin immunoprecipitation HEK-HSF1 K80Q cells were cultured in the absence or presence of doxycycline and heat stressed for 30 min at 45°C. After 2 or 18 h of recovery cells were subjected to chromatin immunoprecipitation (ChIP), performed as described in (Denissov et al. 2007 ) except that cells were cross-linked for 15 min with 1 % formaldehyde. After quenching with 125 mM glycine, cells were washed twice with ice cold PBS and resuspended in ice cold lysis buffer (50 mM HEPES-KOH pH7.6, 140 mM NaCl, 1 mM EDTA pH8.0, 1 % (v/v) Triton X-100, 0.1 % NaDOC and 1× protease inhibitor complete). Sonicated chromatin was centrifuged for 5 min at 4°C and then incubated overnight in incubation buffer (final concentration; 12 mM HEPES-KOH pH7.6, 90 mM NaCl, 0.6 mM EDTA, pH 8.0, 0.09 % SDS, 0.6 % Triton X-100, 0.1 % BSA) together with purified anti-HSF1 antibody (SPA-901; Stressgen) and protein A/G beads (Santa Cruz Biotechnology). Negative control without adding antibody was included. Beads were washed six times with different buffers at 4°C: twice with 0.1 % SDS, 0.1 % NaDOC, 1 % Triton X-100, 150 mM NaCl, HEG (1 mM EDTA, 0.5 mM EGTA and 20 mM HEPES-KOH pH7.6), once with the same buffer but with 500 mM NaCl, once with 0.25 M LiCl, 0.5 % NaDOC, 0.5 % NP-40, HEG and twice with HEG. Precipitated chromatin was eluted with 400 μl of elution buffer (1 % SDS, 0.1 M NaHCO 3 ), incubated at 65°C for 4 h in the presence of 200 mM NaCl, phenol extracted and precipitated with 20 μg of glycogen at −20°C overnight. ChIP experiments were analyzed by quantitative PCR (QPCR). Efficiency of ChIP was calculated as percentage of input. The primers used are listed in Table S1. RNA interference ATF4 (CREB-2) (sc-35112), HSF1 (sc-35611), c-Fos (sc-29221) and FosB (sc-35403) siRNAs were purchased from Santa Cruz Biotechnology. The control siRNA against luciferase (5′-CGUACGCGGAAUACUUCGAdTdT-3′), NRF2 siRNA (5′-CAGCAUGCUACGUGAUGAAdTdT-3′), NRF2 siRNA#2 (5′-CCAGUGGAUCUGCCAA CUAdTdT-3′) and EEF1D siRNA (5′-CUGGCUCAG CAAGCCUGCCUAdTdT-3′) were purchased from Eurogentec. HEK293 cells were cultured in 6-well plates and transfected with 50 nM siRNA using oligofectamine transfection reagent (Invitrogen) according to the manufacturer's instructions. Forty-eight hours after transfection, cells were re-transfected as described above. Cells were left at 37°C or heat-shocked for 30 min at 45°C and allowed to recover for 6 or 24 h. All cells were harvested simultaneously 48 h after re-transfection.
Western blot analysis Cells were harvested in lysis buffer (25 mM Tris-HCl pH 7.5, 100 mM KCl, 1 mM DTE, 2 mM EDTA, 0.5 mM PMSF, 0.05 % NP-40, 1X PhosSTOP [Roche], 1× protease inhibitor cocktail [Complete Mini, Roche] ) and protein concentration was determined using a Bradford protein assay (Bio-Rad). Then 4x sample buffer (200 mM Tris-HCl 6.8, 20 % β-mercaptoethanol, 8 % SDS, 40 % glycerol and 0.4 % Bromophenol blue) was added, and the lysates were incubated at 95°C for 5 min. Protein samples were separated in 10 % polyacrylamide gels and transferred to nitrocellulose transfer membrane (Protran). For Western blot analysis, the following antibodies were used: mouse monoclonal β-actin antibody (AC-15; Sigma; 1:5,000), rabbit polyclonal HSF1 antibody (SPA-901; Stressgen; 1:1,000), mouse monoclonal Hsp70 antibody 4G4 (ab5444; Abcam; 1:5,000), rabbit polyclonal ATF4 antibody (sc-200X; Santa Cruz Biotechnology) and polyclonal HSPB1 antibody (obtained from Dr. A. Zantema; 1:400). Next, blots were incubated with fluorescent secondary antibodies IRDye® 800CW conjugate goat anti-rabbit IgG and IRDye® 680 conjugated goat anti-mouse IgG (926-32211 and 926-32220, respectively; LI-COR Biosciences) according to the manufacturer's instructions and scanned using a LI-COR Odyssey infrared scanner.
QPCR analysis
RNA was isolated with TRIzol (Invitrogen) according to manufacturer's recommendation. First, 1 μg of RNA was treated with DNaseI (amplification grade; RNase-free; Invitrogen). Subsequently, 5 mM MgCl 2 , RT buffer, 1 mM dNTPs, 18.75 units AMV reverse transcriptase, 20 units RNase inhibitors and 1.25 μM oligo(dT) were added to a total volume of 20 μl. Reverse transcription was performed for 10 min at 25°C, 60 min at 42°C and 5 min at 95°C. For QPCR analysis, cDNA was 10-fold diluted. Quantitative real-time PCR was performed using the StepOnePlus™ Real-Time PCR System with Power SYBR® Green PCR Master mix (Applied Biosystems) using the following amplification protocol: 10 min at 95°C followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Per reaction 3 μl of diluted cDNA was used and the DNA was amplified using primers for the sequences of interest, listed in Table S1 .
Microarray analysis HEK-pcDNA, HEK-HSF1 K80Q, HEK-wtHSF1 and HEKdnHSF1 cells were treated with doxycycline for a total of 48 h. Cells were left at 37°C or heat shocked for 30 min at 45°C and harvested either 6 or 24 h after heat shock. The transcriptomes of HEK-pcDNA cells and HEK-HSF1 K80Q cells, HEK-HSF1 K80Q 6 h after heat shock versus unstressed HEK-HSF1 K80Q cells or HEK-pcDNA5 6 h after heat shock versus unstressed HEK-pcDNA5 cells were compared. HEK-HSF1 K80Q cells or HEK-dnHSF1 cells 24 h after heat stress were compared with control cells under non-stress conditions. Total RNA was isolated using Trizol according to the manufacturer's instructions (Invitrogen) and copied into Cy3-labeled or Cy5-labeled cRNA using the Agilent Low RNA Input Linear Amp Kit PLUS, and reverse labeled for the repeat array. Labeled cRNA samples were hybridized to an Agilent Whole Human Genome Microarray Kit (4×44K). The arrays were scanned using an Agilent Microarray Scanner. Image analysis and feature extraction were done with Feature Extraction (version 9.5.1, Agilent). We used a cut-off level of 2-fold changed expression and an arbitrarily chosen signal cut-off of >50.
Results
Characterization of the HEK-HSF1 K80Q cell line
In the HSF1 K80Q mutant lysine 80 in the DNA binding region is replaced by glutamine and because of this mutation HSF1 loses its DNA-binding activity (Westerheide et al. 2009 ). HSF1 K80Q is expected to trimerize with endogenous HSF1, resulting in a strong reduction of binding competent HSF1 trimers. Using nuclear extracts of HSF1 K80Q expressing cells indeed only a weak signal of HSF1 binding to the HSE was detected (Fig. 1a) . With nuclear extracts from cells overexpressing wild-type HSF1 (wtHSF1) increased binding of HSF1 to the HSE was observed, as expected, even when cells were unstressed (Fig. 1a) . The bandshifts shown in Fig. 1a could be supershifted by an antibody to HSF1, indicating that it is indeed HSF1 that was bound (data not shown). Extracts from heat shocked cells showed a more intense bandshift signal and thus an increase in binding competent HSF1. Expression of HSF1 K80Q blocked this increase (Fig. 1a) . The loss of binding of HSF1 to the HSE in the presence of HSF1 K80Q was confirmed by ChIP (Fig. 1b) . In control cells, i.e., HEK-HSF1 K80Q cells cultured in the absence of doxycycline, HSF1 was bound to the HSPA6 promoter region 2 h after heat shock. The binding of HSF1 is transient and as expected we did not observe HSF1 binding 18 h after heat stress. When HSF1 K80Q expression was induced, no bound HSF1 could be detected either 2 or 18 h after heat shock (Fig. 1b) .
When cells are exposed to heat stress they increase their chaperone levels and become more resistant to a subsequent heat stress, a process known as thermotolerance. HSF1 knockout or knockdown or overexpression of a dominant negative HSF1 mutant has been shown to inhibit the acquisition of thermotolerance (Yin et al. 2005; Heldens et al. 2012; Zhang et al. 2002) . To determine whether expression of HSF1 K80Q also inhibits the development of thermotolerance we heat stressed HEK-HSF1 K80Q cells and analyzed the refolding of luciferase after a second heat shock. As shown in Fig. 1c , pre-heat shocked control cells showed increased refolding activity compared to naïve control cells. In cells overexpressing HSF1 K80Q, no difference in refolding activity was found between pre-heat shocked and naïve cells, indicating that these cells do not develop thermotolerance. Expression of HSF1 K80Q also inhibited luciferase refolding after a single heat shock (Fig. 1c) , suggesting that HSF1 K80Q expression lowers the chaperoning capacity of the non-stressed cells as well.
We also analyzed the heat-induced expression levels of HSPA1A and HSPB1 and found that their increase was inhibited by expression of HSF1 K80Q, similar to the effect of an HSF1 mutant lacking the activation domains, dnHSF1 (Fig. 1d) . Together, these data show that the HSF1 K80Q mutant blocks the HSF1 directed transcriptional heat shock response.
Transcriptome changes in the presence of HSF1 K80Q in non-stressed cells If HSF1 plays a role in the absence of stress, then expression of a non-DNA binding mutant should change the transcriptome. We used microarrays to analyze the effect of HSF1 K80Q on the transcriptome in the absence of stress. As overexpression of the HSF1 protein may have secondary effects, for example, by sequestering chaperones, we also analyzed the effect of overexpressing wild type HSF1 on the transcriptome of non-stressed cells. Table 1 shows the list of Fig. 1 Characterization of HEK-HSF1 K80Q cells. a Nuclear extracts were made of HEK-wtHSF1 cells and HEK-HSF1 K80Q cells either nonstressed (−HS) or exposed to heat shock (30 min, 45°C, +HS). An electrophoretic mobility shift assay was performed with a doublestranded oligo with the HSE sequence. Where indicated (+Dox), doxycyclin was added to induce expression of either wtHSF1 or HSF1 K80Q. b Chromatin immunoprecipitation using nuclear extracts from control and HSF1 K80Q expressing cells was performed with an HSF1 antibody or no antibody added. Bound chromatin was analyzed by QPCR using a primer set surrounding the HSE of the HSPA6 promoter. Cells were either non-stressed or harvested 2 or 18 h after heat shock, as indicated. c HEK-HSF1 K80Q cells were transfected with SV40-luc and 24 h after transfection cells were pre-heat shocked for 30 min at 45°C. Fourteen hours later, cells were harvested or heat-shocked again for 30 min at 45°C in the presence of 20 μg/ml CHX to inhibit translation and harvested immediately or after 1 h of recovery and a luciferase assay was performed. d HEK-pcDNA, HEKdnHSF1 or HEK-HSF1 K80Q cells were cultured in the presence or absence of doxycycline and exposed to a heat shock for 30 min at 45°C or left at 37°C (C). When heat shocked, cells were allowed to recover for the indicated time before harvesting. Cell lysates were subjected to SDS-PAGE and levels of HSF1, HSPA1A, and HSPB1 were determined by Western blotting. β-Actin was used as a loading control. Bars indicate SD the 26 genes of which the transcript level changed at least 2-fold upon expression of HSF1 K80Q in non-stressed cells (relative to the level in both control cells and in cells overexpressing wild type HSF1). For 18 genes, we noted a decrease in transcript level; for eight genes, an increase was noted, particularly in that of the SEPP1 gene. We have not attempted to verify the increase in the SEPP1 transcript level as the signal of this transcript in the microarray was just above background. Note that none of these genes is a canonical heat shock gene (see also Table S2 ) and that there is no overlap between the transcriptome changes in HSF1 K80Q expressing cells and in dnHSF1 expressing cells (Heldens et al. 2010) . We also compared our microarray data with previously reported results obtained by HSF1 knockdown in HeLa cells (Page et al. 2006) . For 16 of the 26 genes, transcript levels were not significantly affected in the siRNA-treated HeLa cells; one (CRLF1, cytokine receptor-like factor 1) had lower transcript levels, like in the HEK-HSF1 K80Q cells, but this could not be confirmed by QPCR (Fig. S2a) ; for the remaining nine genes, data were not available. Together these data show that HSF1 does control the level of a limited set of transcripts in the non-stressed cells. If depletion of HSF1 by siRNA and blocking HSF1 activity by expression of HSF1 K80Q can be equated (see also below), then this set of genes is largely cell type specific.
Overexpression of wild type HSF1 leads to elevated levels of activated HSF1 and our microarray data thus identify potential HSF1 targets. For ten genes we found a significantly lower transcript level (relative to that in control cells and in HSF1 K80Q expressing cells) and for 32 an increase in transcript level (Table S2) . Eleven of these genes were also heat shock inducible, whereas for one of these genes the transcript level decreased 6 h after heat shock. Only three (CRYAB, DHRS2 and SEPW1) of these 42 potential HSF1 targets in non-stressed HEK293 cells were also identified as HSF1 target genes by exogenous expression of a constitutively active HSF1 mutant in HeLa cells (Hayashida et al. 2010) . Transcriptional activation by HSF1 in the absence of stress is thus constrained by cell specific factors.
The effect of HSF1 K80Q and dnHSF1 expression on the transcriptome of heat shocked cells -6 h after heat shock
The classical role of HSF1 is transcription activation in heatstressed cells. In HEK293 cells allowed to recover from a heat shock for 6 h, we found an increase of at least 2-fold in the transcript levels of 180 genes. Expression of HSF1 K80Q and/or dnHSF1 inhibited the increase in transcript level of 53 of these genes by at least 2-fold (Fig. 2a , Table  S3 ). Among these genes are the canonical HSF1 target genes, such as HSPA1A/B, HSPA6, DNAJB1, HSPH1, HSP90AA1, BAG3 and ATF3. For the canonical HSF1-dependent genes, the expression of HSF1 K80Q or dnHSF1 had a similar effect: it inhibited the heat shock induced increase in transcript levels, where expression of dnHSF1 was usually more effective than that of HSF1 K80Q. Note that for the highly expressed heat shock genes, such as HSPA6, the transcript levels still increased significantly in both HSF1 K80Q and dnHSF1 expressing cells, although the increase was far less than in control cells (Table S3 ). For other genes the effect of HSF1 K80Q or dnHSF1 expression was different. In a number of cases, such as ACTA1 or AOC3, expression of HSF1 K80Q had no effect or even enhanced expression levels, while that of dnHSF1 inhibited (Table S3 ). Possibly binding of dnHSF1 blocks access of other transcription factors to the promoter; expression of HSF1 K80Q would leave an HSF1 binding site empty.
Paradoxically, for 16 heat shock induced genes, expression levels increased significantly in either HSF1 K80Q or dnHSF1 cells (Table S4 ). The explanation for this is not clear, but it does suggest that HSF1 partially represses stress induced transcription mediated by other transcription factors. This suggestion is supported by the finding that about a third of the genes of which the transcript levels are increased in HSF1 K80Q cells and/or dnHSF1 cells did not respond significantly to heat stress in control cells (Fig. 2b) . Alternatively, the impaired chaperoning capacity of the HSF1 K80Q (Fig. 1c ) and dnHSF1 cells could result in a stronger stress response.
A heat stress is known to shift the transcription pattern to heat shock genes leading to a decrease in activity of nonheat shock promoters, and it is thus expected that the transcript levels of some genes decrease in heat shocked cells. Indeed, in control cells that had recovered for 6 h from the heat shock, the level of the transcripts of 116 genes was at least 2-fold lower than in non-stressed cells. A response of similar magnitude was seen in HSF1 K80Q cells; in dnHSF1 cells the effect was larger (Fig. 2b and Fig. S3 ).
When we compared our data for HEK293 cells with the published data for heat-shocked HeLa cells (Page et al. 2006 ), we found only 20 genes that were heat shock-responsive in both cell lines (note that the heat shock conditions differ). The transcript level of one gene (ZNF264) decreased in both cell lines ( Fig. S1 and Table 2 ) but we could not confirm this decrease by QPCR in HEK293 cells (Fig. S2a) . For three genes, the transcript levels decreased in HeLa cells, while they increased in HEK293 cells. Of the 16 genes of which the transcript levels increased in both heat-shocked HeLa and HEK293 cells, four appeared to be not regulated by HSF1 (Table 2 ). The common set of heat shock responsive genes consists mostly of the well known canonical heat shock genes, such as HSPA1A and DNAJB1, and general stress responsive genes such as GADD45B and PPP1R15A (GADD34).
The effect of HSF1 K80Q and dnHSF1 expression on the transcriptome of heat-shocked cells 24 h after heat shock: an extended primary stress response and a secondary stress response
The synthesis of HSF1-dependent chaperones serves as a feedback mechanism to dampen the heat shock response and to restore homeostasis (Zou et al. 1998; Guo et al. 2001; Shi et al. 1998; Voellmy and Boellmann 2007; Balch et al. 2008; Morimoto 2008) . As in the HSF1 K80Q and the dnHSF1 cells, the expression of these chaperones is inhibited, we analyzed the effect of these HSF1 mutants on the transcriptome of cells that had been allowed to recover for 24 h from the heat shock. In control cells the primary transcriptional response to the heat shock had largely decayed: the levels of most transcripts were back to the level in non-stressed cells Fig. 2 a Pie diagram illustrating the effect of expression of HSF1 K80Q and dnHSF1 on the increase in transcript levels in HEK293 cells 6 h after heat shock. An ↓ indicates a ≥2-fold decrease in level; an ↑ a ≥2-fold increase in level. For details, see Fig. S1 and Table S3 . b Venn diagram illustrating the overlap in transcriptome changes in control, HSF1 K80Q and dnHSF1 cells 6 h after heat shock. "Down" indicates that the transcript levels were ≥2-fold lower than in non-stressed cells; "up" indicates that the transcript levels were ≥2-fold higher than in non-stressed cells. The solid line circle represents control cells, the dotted line HSF1 K80Q cells and the dashed line dnHSF1 cells. For details, see Fig. S3 or at least decreased relative to the level in cells 6 h after heat shock (Fig. 3a and Fig. S4 , Tables S3 and S4 ). In HSF1 K80Q and dnHSF1 cells, the primary response decayed as well, although to a lesser extent than that in control cells (Fig. 3a and Fig. S4 , Tables S3 and S4 ). These cells thus show an extended primary stress response. We also saw a secondary response, i.e., a change in transcript level of genes which did not respond significantly to a heat shock initially (Fig. 3a) , with the transcript level of 21 genes decreased and that of 51 genes increased (Table S5 ). This relatively small transcriptome change in control cells partially overlapped with the much stronger secondary response in HSF1 K80Q and dnHSF1 cells (Fig. 3b and Fig.  S5 ) with the transcript levels of 197 genes down and 155 up Fig. 3 Venn diagrams illustrating the changes in transcriptome changes in control, HSF1 K80Q and dnHSF1 cells between 6 and 24 h after heat shock (a) and the overlap in transcriptome changes in control, HSF1 K80Q and dnHSF1 cells 24 h after heat shock (b). "Down" indicates that the transcript levels were ≥2-fold lower than in non-stressed cells; "up" indicates that the transcript levels were ≥2-fold higher than in non-stressed cells. The solid line circle represents control cells, the dotted line HSF1 K80Q cells and the dashed line dnHSF1 cells. The shading indicates 24 h after heat shock. For details, see Figs. S4 and S5 and Tables S3 and S4 in HSF1 K80Q cells and those of 677 genes down and of 551 up in dnHSF1 cells (Fig. 3a) . The much larger secondary response in cells lacking active HSF1 shows that HSF1 directed macromolecular synthesis plays a major role in restoring homeostasis. The genes of which the transcript levels are increased in HSF1 K80Q or dnHSF1 cells 24 h after heat stress are enriched for the GO category transcription and transcription regulation (http://david.abcc.ncifcrf.gov/), suggesting that these cells mount an additional transcriptional response in an attempt to restore homeostasis. Among the genes of which the transcript levels remained high in HSF1 K80Q cells were a number of ATF4 target genes, e.g., PPP1R15A (GADD34) (Ron and Walter 2007) , S100P (Namba et al. 2009 ) and ATF3 (Pan et al. 2007 ). We therefore tested whether ATF4 activity was responsible for the high transcript levels of these genes. The level of ATF4 did increase markedly in heat shocked cells, but equally so in control or HSF1 K80Q cells. 24 h after heat stress the level of ATF4 was lower than 6 h after heat stress but still higher than in non-stressed cells (Fig. S6b) . To examine the role of ATF4 further, we knocked down ATF4 mRNA with siRNA ( Fig. S6c-d) and determined the effect on the mRNA levels of the ATF4 target genes PPP1R15A (GADD34), S100P and ATF3 (Fig. 4) by QPCR. ATF4 knockdown did not block the expression of these genes, although the exact effect on the transcript levels varied. These data show that ATF4 does not play a major role in heat shocked cells and suggest that the extended primary stress response of ATF4 target genes in HSF1 K80Q cells is not ATF4 dependent.
The effect of HSF1 K80Q and dnHSF1 expression on the transcriptome of heat shocked cells 24 h after heat shock: a delayed stress response Surprisingly, the transcript levels of a large fraction of the HSF1 dependent genes stayed the same or were even higher in HSF1 K80Q and dnHSF1 cells 24 h after heat shock, while they decreased in control cells (Table S3 ). To confirm that at least some apparently HSF1 dependent genes do show a higher transcript level in HSF1 K80Q or dnHSF1 cells 24 h after heat stress, we examined the changes in the transcript level of a set of HSF1 dependent genes by QPCR Fig. 4 ATF4 is not involved in the extended primary stress response of its target genes in HSF1 K80Q cells. a-c HEK-HSF1 K80Q cells were cultured in the presence (HSF1 K80Q) or absence (Control) of doxycycline and transfected for 96 h with siRNA against ATF4 or luciferase as a control with a re-transfection at 48 h. Cells were exposed to a heat shock for 30 min at 45°C or left at 37°C (C). When heat shocked, cells were allowed to recover for 6 or 24 h as indicated before harvesting. Total RNA was isolated and transcript levels of the genes indicated relative to GAPDH mRNA levels were measured by QPCR. The fold change of mRNA levels is plotted relative to the level in non-stressed control cells. Bars indicate SD (Fig. 5) . Noteworthy is the increase in transcript level of the HSPA1A and HSPA6 genes in HSF1 K80Q cells. The transcript level of the HSPA1A gene but not that of the HSPA6 gene also went up in dnHSF1 cells. This delayed stress response is not limited to heat shocked cells expressing an inactive HSF1 mutant: arsenite stressed HSF1 K80Q or dnHSF1 cells also showed the delayed stress response (Fig. 6) .
These data suggest that HSF1 can be bypassed for at least some HSF1-dependent genes. To investigate which transcription factors could be involved, we analyzed the transcriptome changes by Gene Set Enrichment Analysis (GSEA) to assess Fig. 5 A delayed stress response in HSF1 K80Q cells. HEK-HSF1 K80Q (a) or dnHSF1 (b) cells were cultured in the presence (HSF1 K80Q or dnHSF1) or absence of doxycycline (Control) and exposed to a heat shock for 30 min at 45°C or left at 37°C (C). When heat shocked, cells were allowed to recover for the indicated time before harvesting. Total RNA was isolated and transcript levels relative to GAPDH mRNA levels were measured by QPCR. The fold induction of mRNA levels is plotted relative to the level in non-stressed control cells. Bars indicate SD whether certain transcription factor binding sites were overrepresented in the promoter regions of the genes of which the transcript level was elevated 24 h after heat stress. The transcription factors that scored the highest were serum response factor (SRF), octamer transcription factor OCT1 and members of the AP1 family. To determine whether these transcription factors were indeed activated 24 h after heat stress in HSF1 K80Q cells, we analyzed whether they showed increased Fig. 6 Relative changes in transcript levels of various genes in arsenite stressed HSF1 K80Q or dnHSF1 cells. HEK-HSF1 K80Q (a) or HEKdnHSF1 (b) cells were cultured in the presence (HSF1 K80Q/dnHSF1) or absence of doxycycline (Control) and treated with 0.5 mM of arsenite for 1.5 h. Medium was washed off and cells were allowed to recover for the indicated time before harvesting. Total RNA was isolated and transcript levels relative to GAPDH mRNA levels were measured by QPCR. The fold induction of mRNA levels is plotted relative to the level in non-stressed control cells. Bars indicate SD DNA binding activity. We used probes with the DNA binding sequences for these transcription factors and performed an electrophoretic mobility shift assay with nuclear extracts of control or HSF1 K80Q expressing cells before, 6 or 24 h after heat stress. No differences in signals were found between control and HSF1 K80Q cells either 6 or 24 h after heat shock for the SRE (serum response element) and OCT1 probes (Fig. 7a-b) . When we used a generic AP1 family probe, clear differences were observed (Fig. 7c) . A strong band shift signal was found using extracts of control cells 6 h after heat stress but not using similar extracts of HSF1 K80Q cells. When we used extracts isolated from cells 24 h after heat stress, a much stronger band shift signal was detected using extracts of HSF1 K80Q expressing cells compared to extracts of control cells. This complex consistently migrated slightly faster than the complex detected using extracts from control cells 6 h after heat stress and thus might represent a different DNA-protein complex.
Our microarray data showed that the transcript levels of the AP1 family members c-Fos and FosB were elevated 24 h after heat shock in the presence of HSF1 K80Q (Table S3 , Fig. S7a-c) . c-Fos and FosB are both early response genes and have been implicated in the regulation of proliferation and differentiation and their transcript levels increase upon several stimuli, such as growth factors and stress, including oxidative stress (Piechaczyk and Blanchard 1994; MildeLangosch 2005) . To test whether c-Fos or FosB plays a role in the delayed stress response, we knocked down c-Fos and FosB mRNA (Fig. S7b-c) and examined the effect on HSPA1A and HSPA6 mRNA levels, as well as on the GADD45B and PPP1R15A mRNA levels. Knockdown of c-Fos resulted in an increase in HSPA1A mRNA levels in control cells 6 h after heat shock and in HSF1 K80Q cells 24 h after heat shock (Fig. 8a) . c-Fos thus appears to inhibit rather than enhance expression of the HSPA1A gene. Knockdown of c-Fos did not alter the expression pattern of the HSPA6, GADD45B or PPP1R15A genes significantly either in control or in HSF1 K80Q cells, except for a slight increase in PPP1R15A mRNA in HSF1 K80Q cells 24 h after heat stress (Fig. 8b-d) . Knockdown of FosB had little effect on HSPA1A, GADD45B or PPP1R15A mRNA levels. Only the increase in HSPA6 mRNA levels 6 h after heat stress, but not that 24 h after heat stress, was slightly inhibited (Fig. 8b) . These data show that neither c-Fos nor FosB is responsible for the delayed and/or extended primary stress response in HSF1 K80Q cells.
The generic AP1 probe used in the EMSA shown in Fig. 7 can also be bound by NRF2, a transcription factor involved in the antioxidant response. To determine a possible involvement of NRF2 in the delayed stress response in HSF1 K80Q cells after heat shock, we analyzed the binding to a probe with the antioxidant response element (ARE) sequence, the consensus binding sequence for NRF2, in extracts of heat-stressed control or HSF1 K80Q cells and Fig. 7 Binding to the SRF, OCT1 or AP1 consensus sequence. HEK-HSF1 K80Q cells were cultured in the presence (+) or absence (−) of doxycycline and exposed to a heat shock for 30 min at 45°C or left at 37°C (C). When heat shocked, cells were allowed to recover for the indicated time before harvesting. Nuclear extracts were used in an electrophoretic mobility shift assay with a double-stranded oligonucleotide with the SRE (a), OCT1 (b) or AP1 family (c) sequence found the same pattern as that seen when the generic AP1 probe was used (Fig. 7 and Fig. S8a ). The sequence of the CRE (cAMP responsive element; CREB protein consensus binding sequence) or TRE (12-O-tetradecanoyl phorbol13-acetate (TPA)-responsive element; AP1 consensus binding sequence) overlaps with the ARE. However, competition with a 10-fold molar excess of unlabeled probes for either the CRE or the TRE did not compete away the signal of the ARE complex, whereas the signal almost completely disappeared when unlabeled ARE probe was the competitor (Fig. S8b) . These data show that the extracts of control and HSF1 K80Q cells 6 and 24 h after heat stress differ in an ARE binding activity and suggest a role for NRF2 in the stress response of HSF1 K80Q cells. To confirm the differential pattern of NRF2 activity, we analyzed the transcript levels of the NRF2 target gene heme oxygenase 1 (HMOX1). HMOX1 transcript levels increased in control cells 6 h after heat stress, but not in HSF1 K80Q cells (Fig. 9a) . In control cells 24 h after heat stress the HMOX1 mRNA level had decayed, while in HSF1 K80Q cells the HMOX1 mRNA level had increased. The changes in HMOX1 mRNA levels thus correspond to the changes in the ARE binding pattern. Treatment with NRF2 siRNA blocked the heat shock induced changes in HMOX1 mRNA levels in both control and HSF1 K80Q cells (Fig. 9a and Fig. S9) , showing that NRF2 indeed regulates HMOX1 expression in response to heat shock.
To look further into the role of NRF2 in the delayed and/or extended primary stress response in HSF1 K80Q cells, we investigated the effect of NRF2 siRNA treatment on HSPA1A and HSPA6 mRNA levels, as well as on the GADD45B and PPP1R15A mRNA levels. Knockdown of NRF2 mRNA did not have any effect on HSPA1A and HSPA6 mRNA levels 6 h after heat shock (Fig. 9b-c) . In HSF1 K80Q cells 24 h after heat stress the level of HSPA6 mRNAs was significantly lower in NRF2 siRNA-treated cells compared to cells treated with control siRNA. The HSPA1A mRNA level was also decreased, but not as markedly as that of HSPA6 mRNA. These results were confirmed using a second NRF2 siRNA (Fig. S10) . These data indicate that NRF2 is involved in the delayed stress response of HSF1 target genes in HSF1 K80Q cells 24 h after heat stress. GADD45B mRNA levels in control cells appeared to be increased when cells were treated with NRF2 siRNA (Fig. 9d) ; this could, however, not be confirmed with the second siRNA (Fig. S10) . The increase in GADD45B transcript 24 h after heat shock in the presence of HSF1 K80Q Fig. 8 c-Fos and FosB are not involved in activating transcription of the HSPA1A and HSPA6 genes 24 h after heat shock in HSF1 K80Q cells. a-d HEK-HSF1 K80Q cells were cultured in the presence (HSF1 K80Q) or absence (Control) of doxycycline and transfected for 96 h with siRNA against c-Fos, FosB or luciferase as a control with a retransfection at 48 h. Cells were exposed to a heat shock for 30 min at 45°C or left at 37°C (C). When heat shocked, cells were allowed to recover for the indicated time before harvesting. Total RNA was isolated and transcript levels of the genes indicated relative to GAPDH mRNA levels were measured by QPCR. The fold change of mRNA levels is plotted relative to the level in non-stressed control cells. Bars indicate SD was not affected by NRF2 knockdown. For the PPP1R15A mRNA, results were also somewhat variable: the first, but not the second, NRF2 siRNA enhanced PPP1R15A transcript levels in control cells 6 h after heat stress (Fig. 9e) ; the second, but not the first, NRF2 siRNA decreased PPP1R15A mRNA levels in HSF1 K80Q cells both 6 and 24 h after heat stress (Fig. S10) . However, irrespective of which NRF2 siRNA was used, the PPP1R15A mRNA level was always higher in HSF1 K80Q cells than in control cells 24 h after heat shock. Together, these data indicate that NRF2 is not involved in setting the GADD45B and PPP1R15A mRNA levels in HSF1 K80Q cells 24 h after heat shock.
Recently, a shared co-factor for HSF1 and NRF2 has been described. Kaitsuka et al. (2011) reported that the long spliced variant of the eukaryotic elongation factor 1δ (EEF1D_L) is a heat shock transcription factor. This variant was shown to bind to the HSE in the promoter of the HSPA6 gene and activate transcription. In addition, they showed that the N-terminal domain of EEF1D_L interacts with NRF2 and that EEF1D_L is an essential protein for NRF2-dependent (HMOX1) gene induction. We therefore investigated whether EEF1D_L is involved in the delayed and/or extended primary stress response in HSF1 K80Q cells. We treated cells with the EEF1D_L siRNA described (Kaitsuka et al. 2011; Fig. S11) , and examined HSPA1A and HSPA6 mRNA levels. Remarkably, the transcript levels of the HSPA1A and HSPA6 genes responded differently to EEF1D_L siRNA. In contrast to the findings of Kaitsuka et al. (2011) , we did not see an effect of EEF1D_L siRNA on the increase in HSPA6 mRNA levels in control cells 6 h after heat shock (Fig. 10b) , but the increase of HSPA1A mRNA levels was diminished (Fig. 10a) . In the HSF1 K80Q cells, however, the increase in both the HSPA1A and HSPA6 mRNA levels 24 h after heat stress was strongly inhibited by EEF1D_L siRNA. EEF1D_L siRNA treatment also abolished the increase in GADD45B and PPP1R15A mRNA levels in HSF1 K80Q cells 24 h after heat stress ( Fig. 10c-d ), but the data reported above (Figs. 5 and 9) show that HSF1 and NRF2, the suggested partners of EEF1D_L, are not involved. The interpretation of these data is complicated by our finding that EEF1D_L siRNA treatment also decreased HSF1 mRNA levels (Fig. 10e) and EEF1D_L siRNA thus has off-target effects. Unfortunately, we were unable to Fig. 9 Transcript levels in NRF2 siRNA-treated cells. a-e HEK-HSF1 K80Q cells were cultured in the presence (HSF1 K80Q) or absence (Control) of doxycycline and transfected for 96 h with siRNA against NRF2 or luciferase as a control with a re-transfection at 48 h. Cells were exposed to a heat shock for 30 min at 45°C or left at 37°C (C).
When heat shocked, cells were allowed to recover for the indicated time before harvesting. Total RNA was isolated and transcript levels of the genes indicated relative to GAPDH mRNA levels were measured by QPCR. The fold change of mRNA levels is plotted relative to the level in non-stressed control cells. Bars indicate SD knockdown EEF1D_L mRNA using other siRNAs, including the second siRNA described by Kaitsuka et al. (2011) .
Comparison of transcriptome changes in the presence of HSF1 K80Q or siRNA HSF1
We demonstrated above (Fig. 5) that the transcript levels of the HSPA6 gene increase in HSF1 K80Q cells but not in dnHSF1 cells 24 h after heat stress. This suggests that the HSE must be free of HSF1 to allow access of other transcription factors to this promoter. To determine if this is indeed the case, we treated HEK293 cells with HSF1 siRNA, which resulted in efficient knockdown of HSF1 (Fig. 11a-b) . The lack of HSF1 activity in siRNA-treated cells was also evident 6 h after heat shock: the increase in the HSPA1A, HSPA6 and DNAJB1 transcript levels was strongly inhibited (Fig. 11c) . Surprisingly, we saw no increase in the levels of these transcripts 24 h after heat shock. In fact, these were even lower 24 h after heat shock than 6 h after heat shock. HSF1 siRNA-treated cells thus did not show the delayed response of the HSPA1A and HSPA6 genes seen in HSF1 K80Q cells. These data suggest that the delayed response of these HSF1 target genes somehow requires the HSF1 protein.
Next, we investigated whether the HSF1-independent stress response (see Table 2 and Table S3 ) differed between HSF1 siRNA and HSF1 K80Q expressing cells. For the RGS2 (regulator of G-protein signaling 2) and PPP1R15A (GADD34) genes, the response was similar, although quantitatively somewhat larger for the PPP1R15A (GADD34) gene in HSF1 K80Q cells ( Fig. 11d ; for the response in dnHSF1 cells, see Fig. S2b ). Finally, we determined whether treatment with HSF1 siRNA also caused an increase in the level of the PCK2 (mitochondrial phosphoenolpyruvate carboxykinase 2) in unstressed HEK293 cells, just as expression of HSF1 K80Q did. The results in Fig. 11d demonstrate that PCK2 transcript levels indeed increased in HSF1 siRNA-treated cells. In conclusion, assaying an, admittedly limited, number of transcripts showed no difference between lack of HSF1 and expression of an non-DNA binding HSF1 mutant with the important exception of the delayed stress response seen 24 h after heat shock.
Discussion
HSF1 was originally discovered as the transcription factor required for the synthesis of additional cytoplasmic chaperones, Fig. 10 Transcript levels in EEF1D_L siRNA-treated cells. a-e HEK-HSF1 K80Q cells were cultured in the presence (HSF1 K80Q) or absence (Control) of doxycycline and transfected for 96 h with siRNA against EEF1D_L or luciferase as a control with a re-transfection at 48 h. Cells were exposed to a heat shock for 30 min at 45°C or left at 37°C (C). When heat shocked, cells were allowed to recover for the indicated time before harvesting. Total RNA was isolated and transcript levels of the genes indicated relative to GAPDH mRNA levels were measured by QPCR. The fold change of mRNA levels is plotted relative to the level in non-stressed control cells. Bars indicate SD the heat shock proteins, during the proteotoxic stress response. Later HSF1 was also shown to have a physiological role in nonstressed cells, for example the circadian clock gene Per2 is an HSF1 target (Kornmann et al. 2007; Tamaru et al. 2011 ). Tumor cells rely on active HSF1 (Mendillo et al. 2012 ) and blocking HSF1 activity in HeLa cells causes cell death (Dai et al. 2007 ). HEK293 cells are less sensitive to a lack of HSF1 activity (Dai et al. 2007 ), possibly because the HSPA1A promoter is activated by E1A (Wu et al. 1986 ), the transforming protein in HEK293 cells. Accordingly, blocking HSF1 activity in non-stressed HEK293 cells by overexpression of the non-DNA binding HSF1 K80Q mutant led to only a limited change in the transcriptome -a change that is apparently mostly cellspecific as judged from a comparison with the published data for the effect of depletion of HSF1 by siRNA in HeLa cells (Page et al. 2006) . None of the canonical HSF1 target genes appear to rely on HSF1 activity for expression in non-stressed HEK293 cells as for none of these genes the transcript level decreased more than 2-fold (see also Table S2 ). Yet expression of HSF1 K80Q does affect the chaperoning capacity of the cells adversely as judged from the luciferase refolding assays (Fig. 1c) . It is possible that overexpression of HSF1 does sequester cytoplasmic chaperones. As expected, HSF1 plays a major role in the response of HEK293 cells to proteotoxic stress and regulates about 30 % of genes of which the transcript level increases. The effect of a lack of HSF1 activity is most apparent in cells that had been allowed to recover from a heat stress for 24 h. In control cells the transcriptome has largely returned to normal, while in HSF1 K80Q and particularly in dnHSF1 cells the transcriptome has diverged even further from the nonstressed transcriptome than in cells 6 h after heat shock (Fig. 3) . HSF1-directed chaperone synthesis is thus required for heat-shocked cells to regain homeostasis. The lack of chaperone synthesis in a cell expressing the HSF1 K80Q mutant is reflected in an extended primary stress response, the continued high level of stress induced transcripts. The simplest model is that the activity of some heat stress activated transcription factor(s) remains high in HSF1 K80Q cells but decays in control cells. Our results do not support such a model, at least as judged from the changes in the transcript levels of the GADD45B and PPP1R15A genes. We could block the increase in level of these transcripts in HSF1 K80Q cells 24 h after heat shock but not the increase in level 6 h after heat shock by treatment with an EEF1D_L siRNA. Different factor(s) must thus be involved in maintaining these transcript levels in cells 6 and 24 h after heat stress. Which factors regulate transcription of the GADD45B or the PPP1R15A genes in cells either 6 or 24 h after heat stress is not clear. The results reported above show that it is not ATF4, c-Fos, FosB or one of the suggested partners of EEF1D_L, HSF1 or NRF2. In cells 24 h after heat stress it must be either an as yet unidentified partner of EEF1D_L or a factor encoded by a transcript that is also targeted by the EEF1D_L siRNA. Unfortunately, in our hands other EEF1D_L siRNAs were not effective, so we cannot distinguish between these two possibilities. The transcription factor(s) involved in driving HSF1 independent transcription 6 h after heat stress also remain to be identified. In the case of the PPP1R15A gene, we had assumed this to be ATF4, but our results show that that is not the case. The GADD45B promoter has been shown to be targeted by NFY, Sp1, and Egr1 (Zumbrun et al. 2009 ). We have not examined whether any of these factors play a role in the extended primary stress response of HSF1 K80Q cells.
Next to the extended primary stress response, HSF1 K80Q cells mount what we have called a delayed stress response, i.e., an increase in transcript level of HSF1 target genes 24 h after heat shock. Curiously, this response does require HSF1 protein as we could not detect it in HSF1 siRNA-treated cells. Our data further show that NRF2 is involved in this delayed stress response. Previously, it has been reported that murine heat shock protein mRNA levels (i.e., Hspb1, Dnajb1 and Hsp90) are increased in an NRF2-dependent manner upon NRF2-activating compounds (Hu et al. 2006a, b) . In addition, an NRF2 binding element has been found in the promoter of the Hsp70 gene in zebrafish and this element was conserved between mouse and zebrafish (Almeida et al. 2010) . Finally, mammalian heat shock genes have been reported to be enriched in AP1/NRF2/Fos binding sites (Mendillo et al. 2012) . The activity of NRF2 is regulated post-translationally. Under non-stress conditions the cysteine rich protein KEAP1 (Kelch-like ECH associated protein 1) retains NRF2 in the cytoplasm (Itoh et al. 1999) and maintains it at a low level through KEAP1-dependent ubiquitination and proteasomal degradation (Cullinan et al. 2004; Itoh et al. 2003; McMahon et al. 2003; Zhang and Hannink 2003; Zhang et al. 2004) . Upon oxidative stress, cysteines in the KEAP1 protein are oxidatively modified, resulting in a conformational change and release of NRF2 . NRF2 then binds to the ARE usually as a heterodimer with one of the small Maf proteins (for reviews, see Kannan et al. 2012; Sykiotis and Bohmann 2010; Eychene et al. 2008) . The data reported above show that the formation of an ARE binding complex is delayed in HSF1 K80Q cells. Apparently, Fig. 11 Relative changes in transcript levels of various genes in stressed and non-stressed HSF1 siRNA-treated cells. a HEK293 cells were transfected with siRNA against luciferase or HSF1 for 96 h to decrease HSF1 levels. Cells were exposed to a heat shock for 30 min at 45°C or left at 37°C (C). When heat shocked, cells were allowed to recover for the indicated time before harvesting. Total RNA was isolated and HSF1 transcript levels relative to GAPDH mRNA levels were measured by QPCR. The fold induction of mRNA levels is plotted relative to the level in non-stressed control cells. b HSF1 siRNA-treated cells were harvested and lysates were subjected to SDS-PAGE and Western blot analysis using antibodies against the indicated proteins. c-e mRNA levels were determined by QPCR analysis and are shown relative to GAPDH mRNA levels. The fold induction of mRNA levels is plotted relative to the level in non-stressed control cells. Bars indicate SD the formation of active NRF2 in cells recovering from heat stress for 6 h requires HSF1 or an HSF1 regulated function. The difference in mobility of the ARE binding complex formed in extracts of control cells 6 h after heat stress and that in extracts of HSF1 K80Q cells 24 h after heat stress suggests that it is the heteromeric partner of NFR2 that differs, for example because a different small Maf protein is involved. In our microarray analysis, we found no significant changes in the levels of the mRNAs encoding the small Maf proteins upon heat stress or upon expression of HSF1 K80Q. However, small Mafs can be (in)activated by post-translational modification (Kannan et al. 2012) , and such a modification could be affected by heat stress and HSF1 activity. Our data thus suggest that the delayed stress response in HSF1 K80Q cells is a delayed antioxidant response and point to an interaction between HSF1 or an HSF1 regulated function and a partner of NRF2 in the timing of the antioxidant response. Aging cells are not only impaired in protein homeostasis but also in redox homeostasis. Our results imply that loss of HSF1 activity may be the common cause. Our results also support NRF2 as a promising target in treating age-related disease: it would not only redress the redox balance, but by enhancing the transcript level of at least some HSF1 target genes, also boost resistance to proteotoxic stress.
